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Abstract: The use of steel and aluminum alloys in making of aircraft components including fuselage, plates and flanges has
increased since the post-WW 11 era. However, these materials also experience metal fatigue which results in accumulation of
damage in the form of “cracks” due to repetitive application of loads. Repeated pressurization-depressurization cycles during
take-off & landing of aircraft result in loading cycles and eventually fatigue crack. Prediction of fatigue crack propagation and
remaining aircraft life is a crucial component in aircraft safety. Several approaches have been suggested to determine flaw size
in these cases like the S-N curve, Miner’s equation and Basquin’s law. The most effective method is the Paris Law which
determines flaw size with material properties as input and wields highly accurate results.
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I. INTRODUCTION
Fatigue is defined as the weakening of a material caused by loads being applied repeatedly. The concept of metal fatigue was not
worked well upon in aerodynamic designs, until 1954 when two de Havilland Comets broke up in mid-air within few months. A
Court of Inquiry was set up by the British government to investigate its causes. Titled as the Cohen Committee after its chairman
Lord Cohen, it ultimately published a report citing metal fatigue as the main cause ™. The stress concentration caused by stress
generation near the windows was nearly three times the stress experienced around the fuselage. The planes were immediately
grounded and aerospace firms were instructed to make round-shaped windows instead of the previously square-shaped ones.

University of Cambridge)

The fatigue process is thought to begin at a surface flaw where stress concentrations occur. It consists of shear flow along slip planes
which generate extrusions over a number of cycles, eventually forming a crack. During examination, a region of slow crack growth
is observed in the form of a “clamshell” that is concentric around location of the initial flaw. In post-mortem examinations, it is
possible to relate the “clamshell” to the initial stress and determine the applied stress at failure just before crack propagation.
Previously, engineers had developed quantification of fatigue with empirical formulae. The first model was the S-N curve where
constant cyclic stress amplitude is applied to a specimen and number of loading cycles N when the specimen fails is determined. For
materials like aluminium, no endurance limit exists. Although, in use in industry, obtaining a full S-N curve is a tedious and
expensive process. This problem was solved by Basquint in 1910 when he proposed a law later known as Basquin’s Law:
AoN7 =C

©IJRASET: All Rights are Reserved 1327




International Journal for Research in Applied Science & Engineering Technology (IJRASET)
ISSN: 2321-9653; IC Value: 45.98; SJ Impact Factor: 6.887
Volume 7 Issue 111, Mar 2019- Available at www.ijraset.com

Where Ao is stress range, N¢is number of cycles to failure, a & C are empirically determined constants.

Crack growth will accelerate over life of the airplane part. This was the main shortcoming of the Miner’s Law. The Miner’s Law
states that where there are k different stress magnitude values in a spectrum S; (1< i < k), each contributing n;S; cycles then if N;S; is
the number of cycles to failure of a constant stress reversal S; , failure occurs when:

z=C

For design purposes, C is assumed to be 1.

Damage accumulation is a combination of several different mechanisms and the Miner’s Law assumes only linear damage
accumulation. Though this might make calculations easy, this will not be practically correct as when fatigue progresses, parts of the
material microstructure become unable to bear the load which increases the stress on the surviving microstructure elements, thus
increasing the rate of damage in the final portions of its lifetime. Crack propagation laws in literature treat cracks in infinite sheets
subjected to uniform stress perpendicular to the crack. The single form in which all crack-propagation laws are defined is:

da o

e ACT

Where a is defined as crack length, o is the stress range and C is used to denote the material properties.

The first chronological crack-propagation law was defined by Head™ which employed a mechanical model considering rigid plastic
work hardening elements ahead of a crack tip and elastic elements over remaining part of the infinite sheet. The law was defined as:
2 ':-E—':_ (Head’s Law)

N rm
e

i)

Where C, depends on strain-hardening modulus and C, is material yield strength. Head defined wy as the size of plastic zone near
crack tip assuming it constant during crack propagation. But Frost! noted that plastic zone size was directly proportional to crack
length. Based on his studies, Irwin® devised an analytical solution where:

wy ¥ 7la

Head’s Law was thus corrected to:

E = c c':_: (Head’s Corrected Law)

Frost and Dugdale!™ presented a new approach by dimensional analysis incremental increase in crack length was directly
proportional to an applied stress function, B:

da o3

dN  C

Later, McEvily and HIg™ devised a theory where presuming radius of a crack tip p; for stress po , the stress is expressed as:
Op = K, One:

Where K is stress concentration factor and op IS Net area stress at the cracked section. They also tested their theory for aluminum
alloys 2024T3 and 7075T6. Drawing knowledge from the theories of Head, Frost & Dugdale and McEvily and Illg, Paris & Erdogan
introduced the Paris Law!”? where the conflicting constants from the above-mentioned theories were substituted by material
properties thus; setting a law that could be applied over a wide range of data.

Il. PARISLAW
It was proved previously that speed of crack propagation was dependent on time. But it could not be understood as how. It was Paris
et al.l'™® who suggested using the stress intensity factor range, there are three fracture regimes with respect to variation of crack
growth rate per loading cycle due to fatigue. Paris Law analyses the fatigue crack growth mechanism when 10%< (da/dN) < 10°
m/cycle. For a given load ration R = opin/Omax, there exists a linear relationship between log (da/dN) and log AK; where AK;is the
range of the stress intensity factor.
Logio (da/dN) = logsoA + mlogyg (AKy)
= |OgloA + |Oglo{(AKt)m}
= logio {A(AK)"}
Removing log, we obtain:
da
— = A(AK™)
i

©IJRASET: All Rights are Reserved




International Journal for Research in Applied Science & Engineering Technology (IJRASET)
ISSN: 2321-9653; IC Value: 45.98; SJ Impact Factor: 6.887
Volume 7 Issue 111, Mar 2019- Available at www.ijraset.com

Here A and m are constants that depend on the material, environment and stress ratio.

The Paris Law was different from S-N curve as it took considerably different components than the latter. This caused slower
damage propagation in uncracked surfaces which was expected. The Paris Law’s long crack propagation theory further implied that
the dependence on the initial size of the crack was different from that calculated by crack propagation threshold and toughness value.
The law often gives fairly accurate results and which may be termed as ‘beautiful’. But when it does not work, it gives a serious
limitation of having stress intensity factor on the x-axis. If the factor range cannot correctly predict the crack, we are left with a
multivariate function with sparse data points making it more difficult for analysis.

Although there has been significant development and modifications regarding Paris Law, most design processes use the empirical
approaches of the Pre-Paris Law era for high cycle fatigue. Since cracks develop slowly and are undetectable until the final stages, it
is very difficult to process a damage-tolerant approach. Crack propagation starts from the initiation phase, continuing with the
propagation phase (where the Paris Law is supposed to be applied) and then fast crack propagation that leads to failure of the
structure.

Scientists have therefore modified the Paris Law and published the variations. These variations include only a single factor removal
or departure from the ideal conditions. Modifications worth mentioning in this paper include crack closure ! and short cracks
O] ghort cracks; however don’t have a single type of deviation and thus some authors have suggested a classification of
short cracks:

A. Microscopic short crack where micro structural fracture mechanics is applied as in case of Hobsen et al ™! and Navarro and de
los Rios °1,

B. Physically small crack for which Elastic-Plastic Fracture Mechanics (EPFM) is needed where a general relation between da/dN
and crack tip decohesion is established under high strain fatigue.

C. Macroscopic long crack described by Linear Elastic Fracture Mechanics (LEFM)

The Paris Law as modified by Paris and Erdogan in 1963 gives the advancement of fatigue crack per unit cycle as a function of the

stress intensity factor .
d
pe = =2 CAK™ AR, < AR =< K.,

N

Where Ky, = fatigue threshold and Ky = fracture toughness with C and a being constants
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Figure 2- Paris Law for 1045 Steel

As observed from the graph in the figure given above, the law seems to be mostly valid in the range of 10® — 10" mm/cycle
approximately. AKy, is at v,"=10"° mm/cycle where v,"is conventional velocity at the threshold. K is at v,° =10° mm/cycle where
v,' is defined as the velocity at the critical conditions. This means that the constant C is not arbitrary as previously thought of.

Observing the linearity of the graph between certain conditions, Fleck et al.*®! devised a formula to calculate m:
C

a

mLog F, = log%

lird
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IIILEXTENDED KALMAN FILTER
The extended Kalman filter is regarded as technique that uses Kalman filter as a base for non-linear function. The filter allows state
transition and observation models to be differentiable functions.
xy = Fla_q,ug)+ wy
zZ, = hix, )+ vy,
Where wy and vy are the process and observation noises with covariance as Wy and V respectively and uy is the control vector.
To explain the equations in words, the function f predicts the state from given estimate and the function h predicts the measurement
from the former. Then the Jacobian function is computed.
The papers published by Kalman™” and Kalman & Bucy™®! unified the above equations as:
K= Koy Hhopelze — Xy
Where the carat “*” signifies that the variable is estimated. The variable k is known as the Kalman gain.

A. Modification Of Paris Law With Example Of A Griffith Crack
Consider an infinite elastic plate with symmetric crack of length 2a. Here the stress intensity factor can be represented as:

K = ovma
By integrating, we get:
|

K=o mla+—)

=g |TT |__Q P J

\ -

Although the crack propagation is a continuous process, a discrete process can measure the size of the crack after every flight cycle.
The reason for a non-continuous algorithm is that perhaps the EKF algorithm might not be computationally correct in integrating the
system dynamics for a continuous system.

Although the crack propagation is a continuous process, a discrete process can measure the size of the crack after every flight cycle.
The reason for a non-continuous algorithm is that perhaps the EKF algorithm might not be computationally correct in integrating the
system dynamics for a continuous system.
Thus the Paris’s law equation for each flight cycle k in a recursive format can be written as:
I.-?:}.'«:—‘l r —  \m

Gy =G0p_qt CIT o 1)

= glag-1.Px-1) - 1
We will use this equation during the parameter estimation and designing of the algorithm.
Since m and C are the parameters that depend on the material properties and remain constant, we only have p varying at every flight
cycle. The pressure pycan be expressed as:
Pr= P +A4p,
The Ap is regarded as a disturbance and is modelled as a centred normal distribution with variance *. We will model this using a
perturbation term.
Modifying equation (1),
Ay = g(Qr-1P +4pr-1)
The indices produced by each mechanically performed function should be the same irrespective of method of evaluation. Wang™®
have used the Mean Value First Order Second Moment (MVVFOSM) approach but, in some cases the approach does not support the
above condition. Hence this paper will consider using the second order Taylor expression

I = ﬁg::a-_i,;ﬁ} lﬁ:g:ﬂ —1.11?:'
Qp = glay-1.p) + T App 1+ Eﬂ—;g APr—1
dglay—.8) g (ap—od) . : — : ;
Where T&;t};(_j and a—,&’p x=1 are first order and second order partial derivatives of g with respect to variable p
: we
at the point (ax.1,7).
ag ::.a.'{—‘.li]ﬁ}

wrma m—1

- ={Cm :::'P:.'".-E JTa) By
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ﬁ_g:::ﬂk—iiﬂ
dp’
Taking the above two derivatives as addictive noise wy.; and considering { as a given constant, the equation can be written as:

M rn—2

=Cm(m— D)7 /; Jta,)™ ()’

ay = flag—q)+wiy
The additive process noise wy is assumed to be zero mean additive white Gaussian noise i.e.
1) Interpreted as the sum of two components: a noise-free component and the noise component (additive).
2) The noise component is random but it is assumed that it is drawn at each sample time from a fixed Gaussian distribution.
3) White signifies the noise signal containing same power samples at equal frequencies.
This noise is now defined as Q.
_|9glax—10)  9*gla—1.P)

. = + -
o dp ap* ]

i m—1
0. = cn7 a1+ 2]

The measurement data is stated since crack size measured by sensors will always contain noise from measurement environment and
instrument inaccuracies, how small the latter might be.

= hia;) + vy

Where h is measurement function and vy is the noise. Thus the system and measurement equations are defined.

=y
=l

IV.CONCLUSIONS
Various attempts have been made to study crack-propagation due to cyclic fatigue. The fatigue process that caused the mid-air

disintegration of two de Havilland Comets in 1954 has been worked upon to develop a proper quantification theory. Engineers
initially used empirical approaches like the S-N curve and the Miner’s Equation. Various approaches modified by material
properties lead Paris to define a unique equation that later came to be known as Paris Law. Modifications by other prominent
researchers lead to some minor modifications and classification of short cracks thus clarifying the concept of ‘short cracks’ better.
However, some properties were defined empirically and this paper has tried to address the resulting problem by defining a new
approach to estimate the Paris Law constants and formalize crack length evolution as a nonlinear filtering problem. Extended
Kalman Filter (EKF) technique has been used here to determine the Paris Law constants. The paper has proposed using the second
order Taylor expression instead of the pre-existing Mean Value First Order Second Moment (MVVFOSM) approach. Future work
involves implementation of the aforementioned approach and determining its computational accuracy.
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